Abstract: Past research on energy and environmental issues in China has generally focused on energy and environmental efficiencies with no models having included the public health associations or the role of the media. Therefore, to fill this research gap, this paper used a modified Undesirable Dynamic Network model to analyze the efficiency of China's energy, environment, health and media communications, from which it was found that the urban production efficiency stage was better than the health treatment stage, and that the energy efficiencies across the Chinese regions varied significantly, with only Beijing, Guangzhou, Lhasa and Nanning being found to have high efficiencies. Large urban gaps and low efficiencies were found for health expenditure, with the best performances being found in Fuzhou, Guangzhou, Haikou, Hefei, Nanning, and Urumqi. The regions with the best media communication efficiencies were Fuzhou, Guangzhou, Haikou, Hefei, Lhasa, Nanning and Urumqi, and the cities with the best respiratory disease efficiencies were Fuzhou, Guangzhou, Haikou, Lhasa, Nanning, Wuhan, Urumqi, Xian, and Yinchuan. Overall, significant efficiency improvements were needed in health expenditure and in particular in respiratory diseases as there were major differences across the country.
Introduction
In 2001, China's GDP was 1,086.3 billion CNY, which after an average annual growth rate of 9.3% had risen to 827,121.7 billion CNY by 2017 [1] . This rapid rise in economic growth was mainly attributable to industrial sector development, for which coal, oil, natural gas and energy were the main driving forces. As 60% of China's energy comes from coal fired power [2] , significant quantities of sulphur dioxide, carbon monoxide, dust, nitrogen oxides, and carbon dioxide have been released into the air, which has led to a rise in the number of asthma and respiratory disease cases in Chinese cities, which has not only endangered citizen health but has also added to China's public health expenditure. For instance, sulfur dioxide causes respiratory diseases such as bronchitis and lung disease, carbon monoxide causes feeling, understanding and memory losses, and nitrogen dioxide causes a decrease in lung functions. China is the world's largest coal consumer, its third largest oil consumer, and its fourth largest natural gas consumer [2] .
Therefore, China's key current problems are focused on reducing air pollution and the commensurate health problems while maintaining economic development. As part of the 2015 (1) While fossil energy consumption and labor input contribute to economic growth, they also result in environmental issues such as air pollution, carbon emissions and ecological damage. (2) Air pollutants have a heavy impact on individual respiratory and heart functions and lead to higher social and individual health costs. (3) Public media reports positively impact public awareness of air pollution and its impact on the environment and human health. (4) All the above factors and the relative impact on the environment and public health could lead to greater long term health and environmental rectification expenditure.
Based on these assumptions, this study employed network data development analysis to explore the air pollutant effects on respiratory diseases, birth and mortality rates, and public health treatment 3 Based on these assumptions, this study employed network data development analysis to explore the air pollutant effects on respiratory diseases, birth and mortality rates, and public health treatment and public media efficiencies. Based on the results, policy and managerial suggestions are also given (see Figure 1 ). This research analyzed the impact of government spending on health care and media coverage through an energy and environmental analysis. A two stage DEA model was applied to analyze the energy, health and media reporting efficiencies in 31 mainland Chinese cities. This model construction not only maintained the existing production efficiency, but also considered the protection of citizen health.
As most environmental pollution and energy efficiency analyses have usually been conducted using a static DEA), the results have given little guidance on energy and environmental sustainability. Further, traditional one-stage DEA energy and environmental efficiency analyses have also failed to consider public health or media issues. Therefore, to extend the current restricted research framework, this study used a Modified Undesirable Dynamic Network model to explore China's energy, environment, health, and media communication efficiencies.
This article has two main contributions. First, in addition to exploring traditional energy and environmental efficiency, health and media communication factors were included in the model to comprehensively explore the energy, environment, health and media communication associations. Second, using the modified Undesirable Dynamic Network model, the disadvantages associated with static analyses were avoided.
Data from 2013-2016 for 31 Chinese cities were extracted and analyzed. Production was taken as the first stage, which had labor and energy consumption as the inputs and GDP as the output. The link between the production stage and the health treatment stage variables were CO2 emissions and the AQI, and health treatment was the second stage, which had health expenditure and media reports as the inputs, birth rate, respiratory disease and death rate as the outputs, and fixed assets as the carry over. The remainder of this paper is organized as follows: Section 2 gives the literature review, Section 3 describes the research method, Section 4 gives the empirical results and discussion, and Section 5 gives the conclusions.
Literature Review
There have been three main research directions in analyses of energy, environment, health, and the media. The first area has focused on energy and environmental efficiency analyses. For example, Hu and Wang [4] analyzed China's energy efficiency using a modified DEA model and found that China's rapid economic development had led to energy efficiency improvements, and Song et al. [5] used a Super-SBM model to measure and calculate the energy efficiency in BRICS countries, finding This research analyzed the impact of government spending on health care and media coverage through an energy and environmental analysis. A two stage DEA model was applied to analyze the energy, health and media reporting efficiencies in 31 mainland Chinese cities. This model construction not only maintained the existing production efficiency, but also considered the protection of citizen health.
Data from 2013-2016 for 31 Chinese cities were extracted and analyzed. Production was taken as the first stage, which had labor and energy consumption as the inputs and GDP as the output. The link between the production stage and the health treatment stage variables were CO 2 emissions and the AQI, and health treatment was the second stage, which had health expenditure and media reports as the inputs, birth rate, respiratory disease and death rate as the outputs, and fixed assets as the carry over. The remainder of this paper is organized as follows: Section 2 gives the literature review, Section 3 describes the research method, Section 4 gives the empirical results and discussion, and Section 5 gives the conclusions.
There have been three main research directions in analyses of energy, environment, health, and the media. The first area has focused on energy and environmental efficiency analyses. For example, Hu and Wang [4] analyzed China's energy efficiency using a modified DEA model and found that China's rapid economic development had led to energy efficiency improvements, and Song et al. [5] used a Super-SBM model to measure and calculate the energy efficiency in BRICS countries, finding that they were less energy efficient and that as the relationships between energy efficiency and carbon emissions varied from country to country due to the different energy structures, energy policies needed to be developed based on each country's unique conditions. Wang et al. [6] used a multi-directional efficiency analysis (MEA) rather than the traditional linear DEA to study regional energy and emission efficiencies in China, and found that the eastern region was more efficient than the central and western regions. Wang et al. [7] researched the carbon dioxide emissions performance of various provinces in China and found that the CO 2 emissions in the southeastern coastal areas were relatively high, and the CO 2 emissions in the inland central and western regions were relatively low. Wu et al. [8] assessed China's energy conservation and emissions reduction efficiency, and found that: (1) eastern China had the best energy conservation and emissions reduction; (2) the central region had superior production efficiency to the western region but the western region had better processing efficiency; (3), and China's overall energy conservation and emissions reduction efficiencies were stable and pollution control efficiency was rising. Li and Du [9] analyzed the impact of marketization on China's energy and carbon emissions efficiency and found that overall, the energy use and CO 2 emissions performances were poor, but that they were better in the eastern region than in the central west. Meng et al. [10] evaluated China's energy and carbon discharge efficiency (EE&CE), finding that eastern China had the highest EE&CE and central China had the lowest. Yao et al. [11] used panel data and a meta-frontier non-radial Malmquist CO 2 emissions performance index (MNMCPI) to examine China's provincial industrial sector from 1998 to 2011 and estimate China's carbon dioxide emissions efficiency, finding that the annual industrial sector carbon dioxide emissions growth rate was 5.53%, and that the average industrial sector carbon dioxide emissions in the eastern, central and western regions had declined. Jebali et al. [12] researched the energy efficiency of Mediterranean countries from 2009-2012 and found that it was very high. Abbas et al. [13] reviewed different DEA models in terms of energy efficiency development. Qin et al. [14] assessed the energy efficiency of China's coastal areas from 2000 to 2012, and found that they had the following characteristics: (1) economic development was positively correlated with energy efficiency performance; (2) except for Beijing and Hainan, energy efficiency had generally declined; (3) Energy efficiency had improved in the Bohai Economic Zone; (4) the Malmquist-Luenberger productivity growth rate was overestimated; and (5) the main obstacles to energy efficiency were related to the lack of technological improvements, scale efficiencies and adequate management standards. Feng et al. [15] analyzed China's carbon dioxide emissions efficiency, and found that there was low technical, management, and carbon dioxide emissions efficiencies. Hu et al. [16] used a congestion total-factor energy efficiency model to analyze electricity and lighting electricity consumption and gasoline and diesel sales in Taiwan's 20 administrative regions from 2004 to 2013. Zeng et al. [17] used structural VAR models and Beijing carbon emission quotas to study the dynamic relationships between carbon credits, economic development and energy prices, finding that a standard deviation in coal price increases would lead to an initial increase of about 0.1% in Beijing's carbon price, and that Beijing's carbon allowance price was mainly affected by the historical price. Mehmeti et al. [18] analyzed fuel battery energy efficiency. As the pulp and paper industry is one of the largest energy consumers, greenhouse gas (GHG), and pollutant emitters, Sun et al. [19] examined the life cycle environmental impacts of pulp and paper systems in 45 papermaking and 18 pulping samples, and found that 1 tonne of paper emitted on average about 950 kg of carbon dioxide (CO 2 equivalent) of greenhouse gas emissions, and that there were significant differences between countries and the pulp and paper categories, with the main factor affecting greenhouse gas emissions being energy use. Li et al. [20] summarized the policies affecting the development of the nonferrous metals industry (NMI) in China, and concluded that if the central government adhered to the "13th Five-Year Plan" (2016-2020) carbon dioxide emission reduction policy, the copper, lead and zinc industries would reach their upper emissions limits by 2030. Zeng et al. [21] assessed the investment efficiency of China's new energy industry, and found that between 2012 and 2015, the overall investment efficiency of the new energy industry was relatively low, with an average total technical efficiency of 44%, a pure technical efficiency of 48%, and a scale efficiency of 90%. Some other studies employed Network DEA to integrate the production stages and pollution treatment stages to analyze energy efficiency and government pollution treatment. [8, [54] [55] [56] [57] .
The second research area has been focused on analyses of the impact of air pollution on human health. For example, Oakes et al. [22] studied air pollution and human health risk assessments, and Schiavon et al. [23] simulated the effects of NOx emissions from urban road traffic on human health using the COPERT algorithm and the AUSTAL2000 dispersion model and found that high-concentration emissions from the streets had an impact on the human body. Schiavon et al. [24] explored the ability of air quality monitoring stations to detect potential crises and found that they may be inefficient, Fischer [25] explored the relationship between PM 10 and NO 2 mortality in the population over 30 years old in the Netherlands, and Kelly and Fussell [26] found that particulate matter (PM) had an impact on health. Lelieveld et al. [27] examined the effects of outdoor air pollution (mainly PM 2.5 ), finding that it caused 3.3% of global mortality per year, Lu et al. [28] researched the relationship between PM2.5 and disease, finding that an increase of 10 µg/m 3 in PM 2.5 resulted in an overall non-accidental associated mortality rate increase of 0.40%, a cardiovascular disease-induced mortality increase of 0.63%, and a respiratory disease mortality rate increase of 0.75%, and Pope et al. [29] demonstrated that fine particulate matter increased the risk of disease and mortality. Tainio et al. [30] found that when there was a PM 2.5 of 100 µg/m 3 , riding for one and a half hours or walking for more than 10 hours a day could cause more damage than benefits, Khafaie et al. [31] also found that exposure to outdoor air pollution had an adverse effect on health, and Pannullo et al. [32] investigated the relationship between CO 2 concentrations in midwest Scotland and cardiopulmonary respiratory mortality from 2006-2012. Johansson et al. [33] found that a NOx concentration drop of 10 µg/m 3 in the most densely populated areas of central Stockholm reduced the relative risk of mortality by 8%, Cohen et al. [34] found that the mortality from PM 2.5 increased from 35 million in 1990 to 42 million in 2015, and Newell et al. [35] found that air pollution exposure was associated with cardiopulmonary disease and mortality in low-and middle-income countries. Zigler et al. [36] used causal inference methods and a spatially hierarchical regression model to investigate the environmental impact of environmental particulate matter in 2005, Kinney [37] found that ozone and PM2.5 emissions increased at higher ambient temperatures, Lua et al. [38] demonstrated that the health cost-effectiveness of PM2.5 pollution reduction in 2017 was $193,800 in China, accounting for 1.58% of the country's total GDP, Li et al. [39] concluded that an emissions trading system could reduce the economic losses caused by air pollution on public health, and Rich [40] reviewed the statistical methods used to assess the relationships between public health and air pollution.
The third main research area has been analyses of mass media and public health. For example, Griffiths and Knutson [41] concluded that mass communication could be used successfully to promote public health, Wilde [42] reviewed media communication, health, and safety relevance, and Bertrand et al. [43] studied the effect of 24 mass media types on changing the public's knowledge and attitudes toward the human immunodeficiency virus (HIV). Maloney and Cappella [44] explored how cigarette advertising could encourage smokers or quitters to smoke, Noar [45] explored how mass media activities could increase health knowledge, and Costa and Kahn [46] studied newspaper and public health issues from the late 19th century to the early 20th century. Gonsalves et al. [47] concluded that mass communication increased female awareness of cardiovascular disease prevention and reduced female cardiovascular disease incidence, Mirte et al. [48] assessed the relationship between UK mass media spending and smoking cessation attempts, smoking cessation, and smoking prevalence rates from 2008 to 2016 and found that the higher the monthly expenditure on tobacco control mass media campaigns in the UK, the higher the smoking cessation success rate, and Mayar [49] analyzed the relationship between air pollution and asthma in The New York Times, The Los Angeles Times and The Washington Post. Jiang et al. [50] demonstrated that social media information was highly correlated with the air quality index, Wang [51] found that social media data could increase existing air pollution monitoring data, and Elliot et al. [3] demonstrated that mass media coverage increased health care online searches. Murukutla et al. [52] commented on India's news reports and policy advances on air pollution, and Schwabe [53] found that the media could increase the public's influence on air pollution policy. Table 1 outlines the three main previous research areas: energy and its impact on environment, energy and its impact on public health, and media reports and the impact on public health or pollution policies. Even though traditional DEA methods have focused on one or two of these research areas, few studies have examined these areas in concert using scientific methods, or examined the impact of both air pollutant emissions and health treatment together with media reports. Therefore, to fill this research gap, this paper used a modified Undesirable Dynamic Network model to explore the energy, the environment, health, and media communication efficiencies in 31 Chinese cities. Research on energy consumption and its impact on public health. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Research on the media and its impact on public health [41] [42] [43] [44] [45] [46] [47] [48] ; Or on the media and its impact on the environment. [49] [50] [51] [52] [53] .
Research Method
DEA is generally used to assess multiple orientations and multiple decision-making priorities through the establishment of an efficiency index that includes input and output variable data for each associated decision making unit (DMU), and uses linear programming to develop an efficiency frontier. The relative efficiency of each individual DMU is then determined by its distance from the efficiency frontier.
Farrell [58] first proposed the related concepts, after which Charnes et al. [59] extended the DEA concept, and then Banker et al. [60] changed the assumption and designed the BCC model (named after Banker, Charnes, and Cooper). Andersen and Petersen [61] then proposed a modified DEA (super efficiency model) based on a constant return to scale to resolve the problems when a super efficiency value 1 could appear. However, as Thrall [62] found that the super-efficiency model had problems that could not be estimated in the case of variable returns to scale, Tone [63] proposed an efficiency estimation model (SBM model) based on the difference variable and then a Slacks-Based Measure (SBM) that was non-radial and considered the differences between the inputs and outputs. Following these innovations, Färe et al. [64] then proposed Network Data Envelopment Analysis (Network DEA) to resolve the problem of the "black box" in the production process.
Tone and Tsutsui [65] then developed a weighted slack-based measures network data envelopment analysis model in which the links between the various departments of each DMU were used as the basis for the Network DEA model analysis, and then the SBM model used to find the best solution, which overcame the problems with traditional DEA. As company operations span many periods, a Dynamic DEA model was then developed so that departmental efficiencies could be assessed over time; that is, a combination of the Network DEA and the Dynamic DEA was necessary. Consequently, Tone and Tsutsui [66] proposed the weighted slack-based measures (Dynamic Network DEA model), in which the links between the various DMU departments (or sub DMUs) were used as the basis for the analysis of the Network DEA model, and in which each Sub-DMU and the linked carry-over activities were assessed as (1) desirable, (2) undesirable, (3) discretionary, or (4) nondiscretionary. The dynamic DEA model analysis was therefore divided into input-oriented, output-oriented, and non-oriented, and the SBM model then used to find the best solution.
Even though Tone and Tsutsui's [66] Dynamic Network DEA model set the undesirable output as carry-over activities, the output did not consider the undesirable output variable. This paper, therefore, corrects Tone and Tsutsui's [66] model, by considering the undesirable output in the Dynamic Network DEA model; in this paper, called the modified Undesirable Dynamic Network model.
Modified Undesirable Dynamic Network Model
Most existing research has focused on the effects of energy, the environment, health, and media reports on environmental pollution and personal awareness, and the impact of media reports on public health awareness. However, there have been few systematic scientific studies on the effects of energy, the environment, health, and media reports on public health.
This study collected data from 31 Chinese cities, and adjusted Tone and Tsutsui's [66] Dynamic Network model to include undesirable output; therefore, the model used for the analyses was a modified Undesirable Dynamic Network model, in which there were two stages; the first stage inputs were labor and energy consumption and the output was GDP, with the link variables to the second stage being CO 2 emissions and the AQI, and the second stage inputs were health expenditure and media reports, and the outputs were birth rate, respiratory diseases, and mortality rate, with the carry over being fixed assets investment. Figure 2 shows the framework for the modified Undesirable Dynamic Network model inter-temporal efficiency measurements and variables. 7 output-oriented, and non-oriented, and the SBM model then used to find the best solution.
This study collected data from 31 Chinese cities, and adjusted Tone and Tsutsui's [66] Dynamic Network model to include undesirable output; therefore, the model used for the analyses was a modified Undesirable Dynamic Network model, in which there were two stages; the first stage inputs were labor and energy consumption and the output was GDP, with the link variables to the second stage being CO2 emissions and the AQI, and the second stage inputs were health expenditure and media reports, and the outputs were birth rate, respiratory diseases, and mortality rate, with the carry over being fixed assets investment. Figure 2 shows the framework for the modified Undesirable Dynamic Network model inter-temporal efficiency measurements and variables. The Modified Undesirable Dynamic Network Model. was designed as follows:
Suppose there are n DMUs (j = 1,…,n), with each having k divisions (k = 1,…,K), and T time periods (t = 1,…,T). Each of the DMUs has an input and output at time period t and a carryover (link) to the next t+1 time period. The Modified Undesirable Dynamic Network Model. was designed as follows: Suppose there are n DMUs (j = 1, . . . ,n), with each having k divisions (k = 1, . . . ,K), and T time periods (t = 1, . . . ,T). Each of the DMUs has an input and output at time period t and a carryover (link) to the next t+1 time period.
Set m k and r k to represent the inputs and outputs in each division K, with (k,h)i representing divisions k to h and L hk being the k and h division set, The inputs, outputs, links, and carryover definitions are outlined in the following paragraphs. The following is the non-oriented model: Overall efficiency:
Subject to: 
(b3) Division period efficiency: Hu and Wang's [4] total-factor energy efficiency index was followed to overcome any possible bias in the traditional energy efficiency indicators. There were eight key features in this efficiency study: labor, energy consumption, GDP, health expenditure, media, birth rate, respiratory diseases, and mortality rate efficiency.
In this study, "I" represented area and "t" represented time. In the following input and output definitions, if the target input was equal to the actual input, then the efficiency equaled 1 and was deemed efficient; however, if the target input did not equal the actual input, then the efficiency was less than 1 and was deemed inefficient.
The first stage: production stage
Input variables:
Labor efficiency = target labor input (i, t) actual labor input (i, t)
Energy consumption efficiency = target energy input (i, t) actual energy input (i, t)
Output variables: Desirable output (GDP):
The second stage: the health treatment stage
Input variables
Media efficiency = target media input (i, t) actual media input (i, t)
Health Expenditure efficiency = target health expenditure input (i, t) actual health expenditure input (i, t)
Output variables:
Birth Rate efficiency = actual birth rate output (i, t) target birth rate output (i, t)
Respiratory Diseases efficiency = target undesirable respiratory diseases output (i, t) actual undesirable respiratory diseases output (i, t)
Mortality Rate efficiency = Target undesirable mortality rate output (i, t) Actual undesirable mortality rate output (i, t)
In the first stage, if the target labor and energy environmental inputs equal the actual inputs, then the efficiencies are equal to 1, indicating overall efficiency; however, if the target labor and energy environmental inputs are less than the actual inputs, then the efficiencies are less than 1, indicating overall inefficiency.
If the target desirable GDP output is equal to the actual desirable GDP output, then the GDP efficiency equals 1, indicating overall efficiency. If the actual desirable GDP output is less than the target desirable GDP output, then the GDP efficiency is less than 1, indicating overall inefficiency.
In the second stage, if the target health expenditure and media inputs equal the actual inputs, then the efficiencies are equal to 1, indicating overall efficiency; however, if the target health expenditure and media inputs are less than the actual inputs, then the efficiencies are less than 1, indicating overall inefficiency.
If the target desirable birth rate output is equal to the actual desirable birth rate output, then the birth rate efficiency equals 1, indicating overall efficiency. If the actual desirable birth rate output is less than the target desirable birth rate output, then the birth rate efficiency is less than 1, indicating overall inefficiency.
If the target undesirable respiratory disease and mortality rate outputs are equal to the actual undesirable outputs, then the efficiencies equal 1, indicating overall efficiency; however, if the target undesirable outputs are less than the actual undesirable outputs, then the efficiencies are less than 1, indicating overall inefficiency.
Empirical study

Data sources and Description
This study used panel data from 2013 to 2016 from 31 of the most developed cities in eastern and western China. The data were extracted from the Statistical Yearbook of China, the Demographics and Employment Statistical Yearbook of China [1] , and the City Statistical Yearbooks. Air pollutant data were collected from China Environmental and Protection Bureau Annual Reports [67] and the China Environmental Statistical Yearbooks [68] .
As the 31 sample cities varied in population, industry aggregation, natural resources, meteorology and geology, they were seen to be representative of the general situation in China. Table 2 outlines the variables in each stage. Figure 3 gives a statistical picture of the overall inputs and outputs over the study period. As can be seen, the maximum and minimum labor values were slowly rising due to the slow population growth in China over the past few years, the maximum energy consumption declined from Table 3 shows the overall efficiencies in each city from 2013 to 2016. An overall efficiency of 1 in all four years was achieved by Guangzhou and Lhasa, and Nanning's efficiency was 1 in the first three years and slightly above 0.8 in the last year. There were, however, overall efficiency improvements needed in the other cities. The maximum fixed assets growth was significant, but the increases in the minimum and average values were slower. The maximum GDP value increased significantly, the average value showed a steady increase, and the minimum value fluctuated, with the value falling slightly in 2015 and slightly increasing in 2016.
Total Annual Efficiency Scores
The health expenditure maximum fluctuated, falling in 2014, increasing in 2015, and reaching a new high in 2016, and the average and minimum values also fluctuated, but the volatility was relatively flat.
The media report maximum declined significantly in 2013, 2014 and 2015 and declined marginally in 2016, and the average value and the minimum value also declined.
The birth rate maximum was rising throughout the period, the minimum value rose in the first 2 years, decreased in 2015, and rose slightly in 2016, and the average value rose in 2014, declined in 2015, and reached its highest point in 2016. Table 3 shows the overall efficiencies in each city from 2013 to 2016. An overall efficiency of 1 in all four years was achieved by Guangzhou and Lhasa, and Nanning's efficiency was 1 in the first three years and slightly above 0.8 in the last year. There were, however, overall efficiency improvements needed in the other cities.
While the efficiencies in Fuzhou, Haikou, Hefei, Wuhan, Urumqi, and Xian were above 0.6 but below 0.9, the overall efficiencies in the other 23 cities were all below 0.6. Beijing, Changchun, Chengdu, Guiyang, Harbin, Haikou, Huhehot, Nanchang, Nanjing, Shijiazhuang, Taiyuan, Wuhan, Urumqi, Xian, Xining, Yinchuan, and Zhengzhou all had falling efficiencies over the study period. In particular, The overall efficiencies in Changsha, Hangzhou, Jinan, Lanzhou, and Shanghai, however, increased over the study period. In particular, Jinan's had the largest increase, from close to 0.4 in 2013 to 1 in 2016, and Shanghai's rose from 0.5 in 2013 to 1 in 2015 and 2016. Therefore, the overall efficiency in these cities continued to improve. Table 4 and Figure 4 show the two-stage efficiencies for all cities from 2013 to 2016. Most cities had better efficiency in the first stage than in the second stage, with the differences between the cities being significant in the second stage.
Annual Efficiency Analysis in Each Stage
In the first stage, both Guangzhou and Lhasa had efficiencies of 1 in all four years, and Nanning had an efficiency of 1 for the first three years, but fell to only 0.6 in the final year. Shanghai's first stage efficiency was lower than 0.7 in the first two years, and rose to 1 in 2015 and 2016, and Beijing's was 1 in 2013 but dropped to around 0.9 over the next four years. However, 24 cities had first stage efficiencies below 0.8. In particular, Lanzhou, Shijiazhuang, Taiyuan, and Xining had first stage efficiencies lower than 0.4 in all four years, with the highest being slightly above 0.3.
However, Changchun, Chongqing, Guiyang, Hangzhou, Huhehot, Jinan, Kunming, Nanjing, Shanghai, Taiyuan, and Xining had increasing first stage efficiencies. While most cities only experienced small first stage efficiency increases, Jinan, Shanghai, and Nanjing had large increases, with Jinan's rising from less than 0.6 in the first three years, Shanghai's rising from 0.7 in the first two years and rising to 1 in 2015 and 2016, and Nanjing's rising from 0.7 in the first two years to above 0.8 in the following years. The differences between the cities in the second stage were greater than in the first stage. Fuzhou, Guangzhou, Haikou, Hebei, Lhasa, Nanning, and Urumqi's second stage efficiencies were 1 in all four years, Beijing scored 1 in the first 2 years, but the efficiency fell to only 0.2 in the last 2 years, Shanghai's efficiency rose from around 0.3 in 2013 to 0.6 in 2014 to 1 in the last two years, Wuhan's efficiency in the first year was 1, but by 2016 had fallen to 0.3, and Xian's efficiency in the first three years was 1 but had also fallen to 0.3 by 2016.
Changchun, Changsha, Chengdu, Chongqing, Guiyang, Harbin, Hangzhou, Huhehot, Kunming, Lanzhou, Nanchang, Nanjing, Shenyang, Shijiazhuang, Taiyuan, Tianjin, Xining, Yinchuan, and Zhengzhou all had second stage efficiencies lower than 0.7 in all four years, of which Changchun, Harbin, Hangzhou, Nanchang, Shijiazhuang, Taiyuan, Tianjin, and Zhengzhou had maximum second stage efficiencies of only 0.4, and 0.2 was the highest efficiency achieved by Shijiazhuang and Zhengzhou. Therefore, there was a significant need for improvement in the second stage efficiencies in most cities.
Changsha, Chongqing, Jinan, Lanzhou, Shanghai, and Zhengzhou all had rising second stage efficiencies, with Jinan and Shanghai experiencing the largest increases; Jinan's rose to 0. However, Changchun, Chongqing, Guiyang, Hangzhou, Huhehot, Jinan, Kunming, Nanjing, Shanghai, Taiyuan, and Xining had increasing first stage efficiencies. While most cities only experienced small first stage efficiency increases, Jinan, Shanghai, and Nanjing had large increases, with Jinan's rising from less than 0.6 in the first three years, Shanghai's rising from 0.7 in the first two years and rising to 1 in 2015 and 2016, and Nanjing's rising from 0.7 in the first two years to above 0.8 in the following years.
The differences between the cities in the second stage were greater than in the first stage. Fuzhou, Guangzhou, Haikou, Hebei, Lhasa, Nanning, and Urumqi's second stage efficiencies were 1 in all four years, Beijing scored 1 in the first 2 years, but the efficiency fell to only 0.2 in the last 2 years, Shanghai's efficiency rose from around 0.3 in 2013 to 0.6 in 2014 to 1 in the last two years, Wuhan's efficiency in the first year was 1, but by 2016 had fallen to 0.3, and Xian's efficiency in the first three years was 1 but had also fallen to 0.3 by 2016. Overall, the efficiencies in the production stage in every city were better than in the health treatment stage, and the differences between the city efficiencies in the production stage were smaller than in the health treatment stage. However, the efficiencies were falling in both stages in most cities. Table 5 shows the efficiencies for each city's inputs and outputs from 2013 to 2016. In the first stage labor and energy consumption input efficiencies, Guangzhou, Lhasa, and Urumqi had labor efficiencies of 1 in all four years, Xining had a labor efficiency of 1 in all years except 2014 when it fell to 0.4, Fuzhou, Jinan, Shanghai, and Yinchuan had labor efficiencies of 1 for two years, and Beijing, Changsha, Hebei, Nanjing, Wuhan, Zhengzhou, and Shenyang had labor efficiencies of 1 for one year.
Chengdu, Chongqing, Harbin, Kunming, Guiyang, Shijiazhuang and Taiyuan had poor labor efficiencies, with the maximum being below 0.7; for example, Chongqing's efficiency was 0.4 in 2013 and 2014. Beijing, Guangzhou, Lhasa, and Nanning all had energy consumption efficiencies of 1 for all four years, and Changchun, Fuzhou, Haikou, Hefei, Urumqi, Xian had efficiencies above 0.8. Changsha, Chongqing, Guiyang, Huhehot, Kunming, Lanzhou, Shenyang, Shijiazhuang, Taiyuan, Xining, and Yinchuan had energy consumption efficiencies below 0.6, with Taiyuan's being the worst at below 0.1 in all years. Shijiazhuang's highest energy consumption efficiency was only about 0.3, and the highest in Guiyang, Xining, and Yinchuan was around 0. In the second stage health expenditure input efficiencies, Fuzhou, Guangzhou, Haikou, Hefei, Nanning, and Urumqi had health expenditure efficiencies of 1 in all four years, and Beijing, Shanghai, Wuhan, and Yinchuan had relatively good performances. Beijing had an efficiency of 1 in 2013 and 2014, which dropped significantly to below 0.3 in the following two years, Wuhan's health expenditure efficiency was above 0.8 from 2013 to 2015 but fell in 2016 to around 0.3, Yinchuan's efficiency was 0.8 in 2015, and in all other years was above 0.9, and Jinan's efficiency was less than 0.6 in the first three years, but in 2016 was 1.
The health expenditure efficiencies in the other 17 cities were low, with the highest being about 0.7. The worst performing city was Zhengzhou with an efficiency of no more than 0.2 across the four years, Nanchang's highest efficiency was less than 0.3, Shijiazhuang also only had an efficiency close to 0.3 in 2014 but was below 0.2 in the other years, Tianjin had its highest efficiency in 2014 at nearly 0.6, but in the other three years it was below 0.1, and Changchun, Guiyang, and Harbin achieved 0.4 in the first two years after which the efficiencies continued to decline.
Therefore, in most cities, the health expenditure efficiency decreased, with the cities with the largest declines being Beijing and Wuhan. Cities with rising efficiencies were Changsha, Chongqing, Jinan, Shanghai, and Shenyang, with Jinan and Shanghai having the strongest improvements. Shanghai's health expenditure efficiency rose from 0.4 in 2013 to 1 in 2015 and 2016.
As can be seen in Table 6 , the first stage GDP output efficiencies were better than the labor efficiencies. There were 19 cities with GDP efficiencies of 1, and only 12 cities needed GDP efficiency improvements. The highest efficiencies were in Fuzhou, Haikou, Lanzhou, Urumqi, Xian, and Yinchuan, which were all close to 0.8. In 2014 Xining's GDP efficiency was 1, but in all other years was below 0.7.
In the second stage birth rate and mortality rate output efficiency, the birth rate efficiencies in most of the 31 cities were relatively good, but Beijing, Chengdu, Chongqing, Harbin, Shanghai, and Tianjin still needed improvements.
However, except for Beijing, Fuzhou, Guizhou, Haikou, Hefei, Lhasa, Nanchang, Nanning, Shanghai, Urumqi, and Yinchuan, which all had mortality rate efficiencies of 1, many cities needed to improve their mortality rate efficiencies. Shenyang had the worst mortality rate efficiency with the highest being only 0.6, and Harbin's mortality rate efficiencies in 2014 and 2015 were below 0.5, but in the other years were above 0.8.
Changsha, Chengdu, Harbin, Hangzhou, Jinan, Lanzhou, and Nanjing had improving mortality rate efficiencies, but the city with the largest efficiency decline was Shijiazhuang, which fell from 1 in 2013 to 0.6 in 2016.
As can be seen in Table 7 , in the second stage media report input efficiency, Fuzhou, Guangzhou, Haikou, Hefei, Lhasa, Nanning, and Urumqi had media report efficiencies of 1 in all four years. However, Changchun, Chengdu, Harbin, Hangzhou, Huhehot, Nanchang, Nanjing, Shijiazhuang, Taiyuan, Tianjin, Xining, Yinchuan, and Zhengzhou had maximum efficiencies below 0.6. In particular, Hangzhou's highest score was only 0.2 in 2016 and its lowest was 0.1 in 2014, Nanjing's efficiency was only 0.1 for all four years, and Shijiazhuang's highest efficiency was only 0.1. This study believes that the measures adopted by the central and local governments should focus on the two goals of carbon dioxide emissions control and air pollutant emissions reduction.
(1) The governance of air pollutant emissions should be given priority, which could reduce respiratory diseases, and provide residents with a healthier, cleaner living environment. (2) Depending on the regional characteristics, the industrial economic structure, and the energy structure, the industrial economy should be transformed to reduce air pollutant emissions. (3) As different measures are used to reduce carbon dioxide emissions and air pollutant emissions, different governance methods need to be introduced. (4) The media reporting on air pollution increased in the last three years and there have been some improvements in the efficiency of respiratory diseases and the mortality rate. Media reports can focus attention on the harm to resident health of air pollution. Therefore the government should encourage greater media reports on air pollution and carbon dioxide emissions. (5) Both the media report channels and media report accuracy need to be enhanced to raise resident awareness of the health impacts of air pollution and encourage greater resident advocacy.
